This study is the first case report of the treatment of methicillin-resistant Staphylococcus aureus (MRSA) mediastinitis using therapeutic drug monitoring of the serum and wound exudate concentrations of linezolid in a renal dysfunction patient. In the present study, the serum trough concentration of linezolid was maintained between 2 and 7 μg/mL. Therapeutic drug monitoring dosage adjustments may be especially useful in patients with renal dysfunction and severe MRSA infection.
Introduction
Although mediastinal infection rarely occurs after open heart surgery, such infections are associated with high morbidity and mortality as well as longer hospital stays (1) . The most common etiological agents of mediastinal infection are Staphylococcus aureus and Staphylococcus epidermidis (2) . Linezolid is a novel synthetic oxazolidinone antimicrobial agent with a different mechanism of action from that of other existing drugs that has shown to be effective for treating infections caused by multidrug-resistant Gram-positive cocci (3) .
Adjustments to the dose of linezolid based on age, gender and a reduced renal function have previously been suggested to be unnecessary (4, 5) . However, several studies have reported a correlation between thrombocytopenia and linezolid overexposure in patients with renal dysfunction (6) (7) (8) (9) . Furthermore, the prolonged use of linezolid has been shown to induce adverse hematological events (10, 11) . Therefore, optimizing the dose of linezolid may be beneficial for preventing hematotoxicity and/or dose-dependent toxicity. Nevertheless, no clinical trials have yet evaluated the successful treatment of methicillin-resistant Staphylococcus aureus (MRSA) mediastinitis infections while simultaneously confirming the concentration of linezolid.
The aim of the present study was to treat mediastinitis using therapeutic drug monitoring of the serum and wound exudate concentrations of linezolid in a renal dysfunction patient. We herein describe the case of a cardiovascular surgery patient treated with linezolid who exhibited linezolidinduced thrombocytopenia. pathy, but dyslipidemia. He was admitted to our hospital for congestive heart failure and underwent coronary angiography. Consequently, severe stenosis was observed in all three branches of the coronary artery (#2: 99%, #4PD: 75%, #6: 75-90%, #7: 75%, #9: 90%) and the patient underwent coronary artery bypass grafting (CABG). We performed 3-CABG (left internal thoracic artery-left anterior descending branch, aorta-saphenous vein-obtuse marginal branch, aortasaphenous vein-right coronary artery), a surgical technique used for off-pump coronary artery bypass. The operative time was approximately 3 hours and 50 minutes. Sulbactam/ ampicillin was administered to prevent perioperative infection.
Seven days after surgery, the patient's white blood cell count (WBC) increased to 9,770/μL, the C-reactive protein (CRP) level increased to 7.0 mg/dL and he developed a fever (body temperature: 37.8 ) and shaking chills. Treatment with levofloxacin was initiated on day 9 in the presence of pyuria, and the patient's fever was markedly ameliorated. On day 14, the sutures at the wounded site were removed, and partial protrusion of the central portion was detected. On day 16, pus exuded from this area when incised; however, cultures were negative. The abscess was subsequently opened using continuous debridement, as the flow of pus persisted. Three weeks after surgery, chest computed tomography (CT) revealed faint shadows in the anterior mediastinum on median sternotomy ( Fig. 1A) . Sternal osteomyelitis was not detected on CT; therefore, we diagnosed the patient as being without sternal osteomyelitis. In contrast, two sets of blood and pus cultures were positive for MRSA; thus, mediastinitis was diagnosed as a postoperative complication. The results of a laboratory examination were as follows: WBC=14,500/μL and CRP=14.5 mg/dL. Wound cleaning, vacuum-associated closure (VAC) dressing insertion and linezolid administration as an antimicrobial agent were performed to control the purulent sternal MRSA infection and MRSA mediastinitis. This patient continued VAC for 30 days, without further thoracotomy incisions. Although he had end-stage renal disease, he had not received hemodialysis because he was able to spontaneously urinate regularly during the perioperative period. His blood urea nitro-gen level was 68 mg/dL, his serum creatinine level was 5.6 mg/dL and his glomerular filtration rate was 8.6 mL/min/ 1.73 m 2 , which was estimated using an equation corrected with a coefficient for Japanese patients. Therefore, linezolid was administered at a dose of 600 mg via intravenous drip infusion for 60 minutes at 24-hour, instead of 12-hour, intervals. Blood and wound exudates were collected immediately prior to the administration of linezolid and 24 hours later in order to measure the trough concentration (Cmin). After the initiation of linezolid treatment, the serum Cmin was assumed to be maintained between 2 and 7 μg/mL (11, 12) . The dose of linezolid administered was carefully adjusted based on the linezolid Cmin.
The measurement of the serum and wound exudate linezolid concentrations using high-performance liquid chromatography (HPLC) has been previously described (13) . The bulk powder of linezolid for HPLC was provided by Pfizer (Peapack, USA), and the lower limit for the detection of linezolid using this method was 0.1 μg/mL with intra/interday precision below 5.0%. The minimum inhibitory concentration (MIC) of isolated MRSA was determined using the E-test, which was performed according to the manufacturer's instructions. The linezolid MIC of the MRSA isolates was 1 μg/mL. The relationships between the platelet count, serum and wound exudate Cmin values and adjustments to the dose of linezolid are shown in Fig. 2 . The platelet count was 20.5×10 4 /μL on the first day of linezolid therapy. On the 21 st day of therapy, the serum Cmin increased to 11.5 μg/mL, while the platelet count decreased to 6.5×10 4 /μL, at which time the patient developed severe thrombocytopenia. Furthermore, the platelet count decreased as the serum Cmin increased. Platelet clumping was not observed on Giemsa staining, and there was no evidence of disseminated intravascular coagulopathy or idiopathic thrombocytopenic purpura. The final diagnosis was linezolid-induced thrombocytopenia. The cessation of linezolid treatment for one day led to a reduction in the serum Cmin to 3.5 μg/mL on the 23 rd day of linezolid therapy (platelet count: 6.4×10 4 /μL). Therefore, the linezolid treatment was resumed at a dose of 600 mg daily; however, the serum Cmin increased to 9.3 μg/ mL on the 27th day of linezolid therapy (platelet count: 8.8×10 4 /μL). We thus decreased the dose of linezolid to 300 mg (the thrombocytopenia was not exacerbated when the serum Cmin was between 2 and 7 μg/mL in the target therapeutic range), and the platelet count gradually recoverd.
The estimated linezolid concentrations in the serum on the 21st (600 mg/day) and 55th days of linezolid therapy (300 mg/day) and the wound exudate on the 58th day of linezolid therapy (300 mg/day), as simulated according to the Bayesian non-linear least squares method, and the observed linezolid concentrations are shown in Fig. 3 . The serum Cmin, concentration-time profiles and simulation curves measured at the trough level on the 55th day of linezolid therapy were similar to those for the wound exudate on the 58th day of linezolid therapy.
Pus cultures were negative on the 35th and 54th days of linezolid therapy. The size of the wound markedly decreased by the 60th day of linezolid therapy, with no redness observed along the periphery. The granulation in the ulcer floor was favorable, although exudate was continuously observed, as complete epithelization had not yet been obtained. On the other hand, CT revealed a clear reduction in the size of the soft tissue shadow in the mediastinal region ( Fig. 1B) . No fever was detected, and the CRP level was 0.04 mg/dL on the 64th day of linezolid therapy, which indicated remission of the patient's inflammatory reaction. No further worsening of the platelet count was noted (platelet count: 12.4×10 4 /μL). Therefore, we concluded that the inflammation caused by the purulent sternal MRSA infection and MRSA mediastinitis had been resolved by the linezolid treatment, and the drug was discontinued. Consequently, there were no additional episodes of MRSA mediastinitis, and the patient was discharged at the end of linezolid administration on day 21 with a favorable prognosis.
Discussion
The onset of mediastinitis following cardiovascular surgery remains an intractable complication associated with considerable mortality. Dodds et al. reported (14) that a female gender, elderly status (>75 years of age) and diabetes are risk factors for the development of postoperative mediastinitis due to MRSA. In addition, an older age and diabetes were suspected risk factors for mediastinitis in our patient. The degree of penetration of antibiotic agents, such as vancomycin, into the mediastinal space is known to be low because this region is separated from the bloodstream. However, Sacar et al. showed that both vancomycin and linezolid successfully reduced the bacterial count in the mediastinum and at the sternotomy line in rats (15) and that linezolid is easily transferred from the blood to the mediastinum and breast tissue in human patients (16) . Therefore, we gave preference to treatment with linezolid in the present case. In this study, mediastinitis due to MRSA in a renal dysfunction patient was treated using therapeutic drug monitoring of the linezolid levels based on the serum and wound exudate Cmin values.
Linezolid-induced adverse events, such as thrombocytopenia, resulting from persistently high linezolid concentrations have been described in patients with renal dysfunction (8, 9, 11) . These studies reported that the linezolid Cmin values are significantly higher in patients with renal impairment than in those without. For example, Nukui et al. noted that thrombocytopenia developed more frequently in patients with a linezolid trough concentration of >7.5 μg/mL (11) . In the present case, despite decreasing the daily dose of linezolid from 1,200 to 600 mg at the start of treatment to prevent thrombocytopenia, the Cmin of linezolid in the serum was 11.5 μg/mL on 21st day of linezolid therapy, which was sufficient to induce thrombocytopenia. This finding demonstrates the importance of dose adjustment in patients with severe renal failure. Therapeutic drug monitoring is therefore important for enabling adjustments of the drug dose for better safety and efficacy. A recent small retrospective study reported the beneficial effects of therapeutic drug monitoring with respect to the safety outcomes of patients undergoing long-term treatment with linezolid (12) . The authors showed that thrombocytopenia can be resolved by adjusting the dose of linezolid based on the results of therapeutic drug monitoring and suggested that maintaining the serum Cmin value between 2 and 7 μg/mL improves safety outcomes while retaining appropriate efficacy. However, the results of the present and previous studies were limited to only a few samples (12) . Therefore, further research of the efficacy of therapeutic drug monitoring of linezolid is warranted.
We performed therapeutic drug monitoring of the Cmin in the serum based on the above findings and found that this strategy prevented the exacerbation of thrombocytopenia in our patient, with little or no loss in efficacy due to dose reduction. Furthermore, the Cmin of linezolid was similar between the wound exudate and serum. Previous studies investigating the pharmacokinetics of linezolid in patients have shown that changes in the renal function significantly affect the pharmacokinetics of linezolid (7, 17) . The present patient's glomerular filtration rate increased from 5.7 to 11.5 mL/min/1.73 m 2 during the administration of linezolid, which may have induced the small variations observed in the Cmin of linezolid after the daily dose of linezolid was changed from 600 to 300 mg/day.
A low Cmin of linezolid in the serum may result in treatment failure. However, the individual serum and wound exudate Cmin values of linezolid in the present case were higher than the MIC of 1 μg/mL at all measurement timepoints. These results are consistent with the findings of a small number of previous studies of adult and pediatric patients in which linezolid was shown to be effective against MRSA mediastinitis (16, 18) . Cossu et al. recently reported that further studies should be conducted in order to determine whether the incidence of linezolid-related thrombocytopenia can be reduced using dose adjustments based on the renal function (19) . We performed the current study to establish whether it is necessary to consider dose adjustments, and the results subsequently confirmed that adjustments based on therapeutic drug monitoring successfully cured the patient's infection.
In conclusion, we herein demonstrated that linezolid therapeutic drug monitoring in a patient with renal failure enabled the continuation of linezolid therapy, suggesting the possible beneficial effects in ameliorating thrombocytopia using dose adjustments of linezolid. Despite the reduced concentration of linezolid observed in the patient's serum, the concentration in the wound exudate was sufficient to inhibit the growth of MRSA. It is beneficial for clinicians to understand the effects of therapeutic drug monitoring of linezolid in renal dysfunction patients in cases in which no alternative drugs to linezolid can be used to continuously treat MRSA. However, it can be difficult to measure the linezolid concentration. Therefore, it is necessary to develop simple and easy methods for measuring the blood concentration of linezolid in community hospitals. The results of the present study provide new insight into the appropriate dose and administration schedule of linezolid in renal dysfunction patients.
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